Oxidative stress-mediated post-translational modifications of redox-sensitive proteins are postulated as a key mechanism underlying age-related cellular dysfunction and disease progression. Peroxiredoxins (PRX) are critical intracellular antioxidants that also regulate redox signaling events. Age-related osteoarthritis is a common form of arthritis that has been associated with mitochondrial dysfunction and oxidative stress. The objective of this study was to determine the effect of aging and oxidative stress on chondrocyte intracellular signaling, with a specific focus on oxidation of cytosolic PRX2 and mitochondrial PRX3. Menadione was used as a model to induce cellular oxidative stress. Compared with chondrocytes isolated from young adult humans, chondrocytes from older adults exhibited higher levels of PRX1-3 hyperoxidation basally and under conditions of oxidative stress. Peroxiredoxin hyperoxidation was associated with inhibition of pro-survival Akt signaling and stimulation of pro-death p38 signaling. These changes were prevented in cultured human chondrocytes by adenoviral expression of catalase targeted to the mitochondria (MCAT) and in cartilage explants from MCAT transgenic mice. Peroxiredoxin hyperoxidation was observed in situ in human cartilage sections from older adults and in osteoarthritic cartilage. MCAT transgenic mice exhibited less age-related osteoarthritis. These findings demonstrate that age-related oxidative stress can disrupt normal physiological signaling and contribute to osteoarthritis and suggest peroxiredoxin hyperoxidation as a potential mechanism.
Oxidative stress-mediated post-translational modifications of redox-sensitive proteins are postulated as a key mechanism underlying age-related cellular dysfunction and disease progression. Peroxiredoxins (PRX) are critical intracellular antioxidants that also regulate redox signaling events. Age-related osteoarthritis is a common form of arthritis that has been associated with mitochondrial dysfunction and oxidative stress. The objective of this study was to determine the effect of aging and oxidative stress on chondrocyte intracellular signaling, with a specific focus on oxidation of cytosolic PRX2 and mitochondrial PRX3. Menadione was used as a model to induce cellular oxidative stress. Compared with chondrocytes isolated from young adult humans, chondrocytes from older adults exhibited higher levels of PRX1-3 hyperoxidation basally and under conditions of oxidative stress. Peroxiredoxin hyperoxidation was associated with inhibition of pro-survival Akt signaling and stimulation of pro-death p38 signaling. These changes were prevented in cultured human chondrocytes by adenoviral expression of catalase targeted to the mitochondria (MCAT) and in cartilage explants from MCAT transgenic mice. Peroxiredoxin hyperoxidation was observed in situ in human cartilage sections from older adults and in osteoarthritic cartilage. MCAT transgenic mice exhibited less age-related osteoarthritis. These findings demonstrate that age-related oxidative stress can disrupt normal physiological signaling and contribute to osteoarthritis and suggest peroxiredoxin hyperoxidation as a potential mechanism.
Aging is characterized by an inability to maintain homeostasis resulting in a progressive loss of function and is associated with many chronic conditions including cancer, type II diabetes, neurodegenerative disease, cardiovascular disease, and osteoarthritis (1, 2) . Although several theories aimed at explaining the aging phenotype have been suggested, an age-related imbalance between the production of reactive oxygen species (ROS) 2 and the antioxidant capacity of the cell has been identified as a contributing factor (3) (4) (5) . Although the original free radical theory of aging focused on accumulation of cellular damage from excessive ROS as a cause for aging and age-related conditions, more recent studies suggest that disturbances in redox signaling that result from age-related oxidative stress are likely to play a key role (5) (6) (7) . Increased levels of ROS caused by mitochondrial dysfunction, one of the hallmarks of aging, have been proposed to contribute to age-related oxidative stress, but the underlying mechanisms for how this increase causes a disruption in cell signaling leading to cell and tissue dysfunction is poorly understood (1, 4, 8) .
Recent advances in redox signaling recognize that reversible post-translational oxidative modifications of reactive protein cysteine thiols mediated by controlled production of H 2 O 2 regulate key signal transduction events (9, 10) . The cysteine-dependent peroxiredoxins (PRXs), which display high reactivity toward H 2 O 2 , have recently been postulated to act not only as important intracellular antioxidants but also as direct participants in redox signaling events through the relay of oxidizing equivalents to target proteins containing reactive thiols (11) (12) (13) . During the PRX catalytic cycle, H 2 O 2 oxidizes the sulfhydryl group of the peroxidatic cysteine of PRX to form sulfenic acid (PRX-SOH), which can condense with the resolving cysteine of an adjacent PRX subunit to form an intersubunit disulfide bond. Alternatively, PRX-SOH can condense with a thiol on a nearby target protein thus transferring the oxidizing equivalent, as has been shown for the redox-sensitive protein Orp1 (14) . Oxidoreductases including thioredoxin serve as an additional level of regulation because of their capacity to reduce the oxidized PRX or the PRX target protein (13) .
Under high levels of H 2 O 2 , hyperoxidation of PRX to the sulfinylated (PRX-SO 2 H) and sulfonylated (PRX-SO 3 H) forms can occur, leading to enzymatic inactivation and inhibition of peroxidase function (11, 15) . Given that PRXs are major intracellular antioxidants, inactivation by hyperoxidation would allow H 2 O 2 to accumulate and react with cysteines in proteins that are normally slower to react than PRXs, providing an alternative to the relay mechanism for redox regulation of signaling (11) . Hyperoxidized PRXs, at least in the PRX-SO 2 H form, can be reduced by ATP-dependent sulfiredoxin; however, this reaction occurs at a much slower rate than thioredoxin reduction of PRX disulfides (16) . If H 2 O 2 and other ROS rise to levels that overwhelm the antioxidant capacity of the cell, then oxidative stress occurs, which is associated with a disruption in normal physiologic signaling (9, 13, 17) . Whether PRX hyperoxidation and the subsequent disruption in signaling may underlie the altered redox signaling seen in aging has not been fully explored, and little to no data exist to support this mechanism in primary human cells.
We investigated PRX hyperoxidation as a potential mechanism for disrupted cell signaling in aging by examining its role in osteoarthritis (OA). OA represents the most common form of joint disease and is a primary cause of chronic disability in older adults. Pain and loss of function in OA are the result of a slow, progressive destruction of joint tissues including articular cartilage (18, 19) . Cartilage destruction is thought to be the consequence of an imbalance between matrix synthesis and matrix degradation, which is mediated by chondrocytes, the resident cells in cartilage. OA directly correlates with increasing age and with an age-related increase in ROS levels, possibly because of a reduction in antioxidant capacity, as well as mitochondrial dysfunction (20 -24) .
We chose to focus on the redox regulation of the chondrocyte insulin-like growth factor-1 (IGF-1) signaling pathway because of previous studies demonstrating that IGF-1 promotes cartilage matrix synthesis and chondrocyte survival while reducing chondrocyte catabolic activity (25, 26) . Disrupted pro-anabolic IGF-1 signaling has been implicated in the pathogenesis of OA, and age-associated reductions in the chondrocyte response to IGF-1 have been associated with oxidative stress (26, 27) . The aim of this study was to examine whether menadione-induced oxidative stress could promote chondrocyte PRX hyperoxidation in an age-related manner and determine whether this was associated with disrupted IGF-1 signaling, chondrocyte cell death, and osteoarthritis. ) , total MKK3/6, phospho-BAD (Ser 136 ), total BAD, total PRAS40 (a proline-rich Akt substrate), and total COX IV, thioredoxin 1, and thioredoxin reductase 2. Antibodies to PRXSO 2/3 , PRX1, PRX2, PRX3, and catalase were from Abcam. Antibodies to phospho-PRAS40 (Thr 246 ) were from Upstate Cell Signaling Solutions. The antibody to sulfiredoxin was a kind gift from Dr. Sue-Goo Rhee. The Premo TM roGFP-based cellular hydrogen peroxide sensor (Orp1-roGFP) was purchased from Molecular Probes, Life Technologies. SB203580 p38 inhibitor was purchased from CalBiochem. Menadione, N-ethylmaleimide (NEM), catalase, and iodoacetamide (IAM) were purchased from Sigma-Aldrich.
Experimental Procedures
Human Primary Chondrocyte Isolation and Culture-Normal human cartilage was obtained from the ankle joints (talus) of tissue donors provided by the Gift of Hope Organ and Tissue Donor Network (Itasca, IL) through an agreement with Rush University Medical Center (Chicago, IL). The tissue was inspected for any gross evidence of damage, and only normal appearing tissue was used. The ages of tissue donors ranged from 27 to 75 years. Chondrocytes were isolated and cultured as described (25) .
Animals-Generation of transgenic mice overexpressing human catalase targeted to the mitochondria (MCAT) has been previously described (28) . All MCAT founder mice were a kind gift from Dr. Peter Rabinovitch (University of Washington, Seattle, WA) and were provided on the C57BL/6NCRl background and subsequently crossed onto the C57Bl/6NJ background. Control mice were wild-type littermates of MCAT transgenic mice. For all cell signaling studies using cartilage explants, 4-week-old female MCAT mice and their agematched littermate wild-type controls were used. A total of 72 mice were used for these investigations (36 MCAT and 36 wild type).
Mouse Femoral Head Cartilage Explant Isolation and Culture-All mice were euthanized by CO 2 asphyxiation followed by cervical dislocation. Femoral head cartilage explants from the hip joints of 4-week-old mice were isolated by removal of the capital femoral epiphysis from the underlying bone with forceps. Femoral head cartilage explants were cultured in DMEM/Ham's F12 medium plus 10% FBS for 48 h to allow for recovery after removal from the joint. Explants were changed to serum-free conditions overnight prior to experimental treatments. To prepare chondrocyte lysates, femoral head cartilage explants were suspended in 300 l of standard lysis buffer (containing 20 mM Tris-HCl, 150 mM NaCl, 1 mM Na 2 EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM ␤-glycerophosphate, 1 mM Na 3 VO 4 , 1 g/ml leupeptin (Cell Signaling Technology) with PMSF (Sigma), and phosphatase inhibitor mixture 2 (Sigma) in ceramic bead tubes (MOBIO Laboratories; 1.4-mm beads). The samples were homogenized in a Precellys homogenization device (Bertin Technologies) for three 40-s cycles at 6,500 rpm. After homogenization, samples were centrifuged for 5 min at 13,000 rpm to pellet tissue debris, and lysates were transferred to a clean 1.5-ml microcentrifuge tube for analysis.
Adenoviral Transduction-An adenoviral construct encoding catalase targeted to the mitochondria (MCAT) was purchased from the Gene Transfer Vector Core of the University of Iowa. Chondrocytes were transduced with the MCAT adenovirus upon reaching 70% confluency. The MCAT adenovirus (4 ϫ 10 8 viral particles/ml) was added to serum-free medium containing 1 M CaCl 2 (25 l/ml media), and chondrocytes were incubated for 2 h at 37°C. Chondrocytes were washed twice with serum-free medium and cultured in 10% media for 48 h. Overnight incubation in serum-free medium preceded experimental treatments. A null vector control was used to test for nonspecific effects of viral transduction.
Analysis of Mitochondrial Catalase Expression-Mitochondrial fractions from human monolayer chondrocytes were isolated using a mitochondrial isolation kit for tissue (Thermo Scientific). Total protein in the mitochondrial fraction was measured by BCA assay, and catalase expression was analyzed by immunoblot.
Quantification of ROS Production-Menadione has been shown to induce mitochondrial and cellular oxidative stress through redox cycling (29, 30) and was therefore used as a model to induce oxidative stress in the present study. Cellular H 2 O 2 levels were quantified using the Premo TM cellular hydrogen peroxide sensor (Life Technologies) Orp1-roGFP as per the manufacturer's instructions. Plasmid DNA encoding Orp1-roGFP was delivered into the cell via baculovirus transduction. Human primary chondrocytes were plated in monolayer in black-walled, cover glass-bottomed Petri dishes (SPL Lifesciences Co., Ltd.), allowing for visualization of live cells with a confocal microscope. Cover glass surfaces were functionalized in an air-fed plasma cleaner (Harrick Plasma) for 10 min, immediately coated with fibronectin for 1 h at 37°C, and washed with PBS prior to cell seeding. Chondrocytes were transduced with Orp1-roGFP redox sensor immediately after plating at an multiplicity of infection of 80 pfu for 48 h in a 37°C humidified 5% CO 2 incubator. Cells were serum-starved overnight prior to experimental incubations.
The Orp1-roGFP was excited at 405 nm using a diode laser and at 488 nm using an argon laser. Signal was collected at 513 nm for both image channels. Samples were imaged with a period of 10 s. Four single-cell image sets were acquired per sample at 1,890ϫ using a GaAsP detector on a Zeiss LSM 880 with a voxel size of 800 nm ϫ 800 nm ϫ 0.85 m, a pixel dwell time of 1.4 s, and no averaging. Images were collected for 1 min prior to stimulation to establish baseline H 2 O 2 levels; then menadione (25 M) was added, and samples were imaged every 10 s for a further 2 min.
Images were analyzed in ImageJ v1.49m (31) with the FIJI plugin set based on the sensitized FRET method (32 (33) .
We also used a method outlined by Cox et al. (33) that incorporates treating the cultured cells with NEM just prior to lysis to facilitate the observation of the reduced, oxidized, and hyperoxidized forms of PRXs. The NEM pretreatment alkylates thiols before the lysis buffer is added, which more efficiently blocks the oxidation of PRXs that may occur during cell lysis. NEM is used rather than IAM because NEM freely enters cells and alkylates intracellular thiols more efficiently at the pH of the cell culture medium. For this method, human chondrocytes were treated with menadione for the indicated times, washed in Dulbecco's phosphate-buffered saline, and pretreated with an NEM alkylating buffer (40 mM HEPES, 50 mM NaCl, 1 mM EGTA, 200 units/ml catalase, 100 mM NEM, PMSF, and phosphatase inhibitor mixture 2, pH 7.4) for 10 min prior to lysis. NEM alkylating buffer was then removed and replaced with lysis buffer containing 200 units/ml catalase and 100 mM NEM, PMSF, and phosphatase inhibitor mixture 2 (pH 7.4). Cell lysates were centrifuged at 13,000 rpm for 10 min to remove the insoluble fraction, and lysates were then subjected to reducing and nonreducing immunoblots as appropriate.
For lysis of mouse femoral cap explants, cap explants were collected, cultured, and lysed as described above. For mouse femoral caps that received NEM prior to lysis, femoral caps were incubated in 300 l of 100 mM NEM alkylating buffer for 10 min prior to addition of 300 l of lysis buffer containing NEM (100 mM), catalase (200 units/ml), PMSF, and phosphatase inhibitor mixture 2 (pH 7.4).
Protein contents of human and mouse lysates were quantified using the Pierce Micro BCA kit (Thermo Scientific). Approximately 15 g (human chondrocytes) or 20 g (mouse femoral cap cartilage) of protein/sample was combined with 5ϫ nonreducing lane marker (Thermo Scientific) in the presence or absence of 10% ␤-mercaptoethanol (for reducing and nonreducing conditions respectively). Lysates were boiled and immunoblotted as previously described (34) . Immunoblots for total PRX2 or PRX3 under nonreducing conditions were used as loading controls. Densitometric analysis was performed using ImageJ software.
Analysis of Chondrocyte Intracellular Signaling-For analysis of cell signaling, chondrocytes were incubated in serum-free conditions overnight prior to treatment with 25 M menadione or 50 ng/ml IGF-1 for the indicated time points. For menadione pretreatment experiments, cells were treated with 25 M menadione for 30 min prior to treatment with 50 ng/ml IGF-1 for the indicated times. Immunoblotting and analysis was performed as described above under reducing conditions. Analysis of phosphoproteins was conducted using phosphospecific antibodies, and blots were stripped and reprobed with antibodies to the total protein as a loading control. For p38 inhibition studies, cells were pretreated for 30 min with 10 M SB203580 prior to menadione treatment. Cell survival in response to menadione treatment was monitored using the LIVE/DEAD cell assay kit (Molecular Probes) as described previously (34) .
Immunohistochemistry-Cartilage sections were a kind gift from Dr. Martin Lotz (Scripps Research Institute, La Jolla, CA). Human cartilage surfaces were graded macroscopically using a modified Outerbridge scoring system and the International Cartilage Repair Society knee map as previously reported (35) . For these experiments, younger donors were Ͻ50 years old, and older donors were Ն50 years old. The age cut-off for young and old donors was chosen based on a previous study from our group that demonstrated a decline in the response to IGF-1 and altered signaling under conditions of oxidative stress in chondrocytes from donors older than 50 years (27) . The average age of younger cartilage was 41.3 Ϯ 6.1 years (range, 36 -48) with a Total Knee Macroscopic Cartilage Score of 57.75 Ϯ 2.8 corresponding to Grade I (minimal changes). Normal older cartilage had an average age of 73.3 Ϯ 4.3 years (range, 68 -76) with a Total Knee Macroscopic Cartilage Score of 65.75 Ϯ 7.1 corresponding to grade III (mild changes). Osteoarthritic cartilage had an average age of 79.3 Ϯ 13.6 years (range, 64 -90) and a Total Knee Macroscopic Cartilage Score of 127.5 Ϯ 28.8 corresponding to Grade IV (severe changes). Immunohistochemistry protocols were performed as previously described (36) . Sections blocked with DAKO protein were incubated with anti-PRX-SO 2/3 antibody (Abcam, 1:1000 dilution in DAKO antibody diluent) overnight at 4°C. DAKO Envision TM ϩ System HRP-labeled polymer was used to recognize the primary antibody according to the manufacturer's instructions. Images were taken with an Olympus BX60 microscope and analyzed with ImageJ software.
Mouse Knee Joint Histology-Mouse knee joints were available from six MCAT and five wild-type mice that were 18 -33 months of age at necropsy (kind gift from Drs. Piper Treuting and Peter Rabinovitch, University of Washington School of Medicine). One joint from each mouse was processed, sectioned, stained, and scored for lesions as previously described (37) using the Articular Cartilage Structure scoring scheme. The Articular Cartilage Structure score is based on a scale of 0 -12, where 0 is a smooth and completely intact articular cartilage surface, and 12 represents fibrillation and/or clefts and/or loss of cartilage involving the full thickness of articular cartilage involving more than two-thirds of the plateau or condyle. Scores from the medial and lateral tibial plateaus were obtained and combined to generate a sum Articular Cartilage Structure score. A single observer blinded to mouse genotype performed the scoring.
Statistical Analysis-The data were analyzed using GraphPad Prism version 6 (GraphPad Software, Inc.). Statistical analysis was performed on all data sets, and significant differences were determined by t test or a one-way or two-way ANOVA with a Dunnett's or Tukey HSD post hoc correction as appropriate. The results are presented as mean values Ϯ S.E. from a minimum of three independent biological replicates. The exact number of independent samples for each experiments is provided in the figure legends. A level of p ϭ Ͻ0.05 was considered to be significant.
Study Approval-Use of human tissue was in accordance with the Institutional Review Board at the Rush University Medical Center and the University of North Carolina at Chapel Hill. All animal studies were approved by the University of North Carolina Animal Care and Use Committee
Results
Menadione Increases Intracellular ROS in Human Chondrocytes-To model oxidative stress and determine the effects on signaling, we treated primary human chondrocytes with menadione, which has been shown to induce production of excessive levels of cellular ROS through redox cycling (29, 30) . Because chemical probes commonly used to detect intracellular ROS lack specificity for the type of ROS produced, we used a recently developed H 2 O 2 sensor, Orp1-roGFP (38) , to determine whether menadione induced H 2 O 2 in cultured human chondrocytes. The addition of menadione to human chondrocytes expressing Orp1-roGFP led to a significant increase in Orp1-roGFP oxidation within 20 s, an effect that was maintained over the 4-min time course studied, indicating that menadione increases cellular H 2 O 2 levels in a rapid and sustained manner (Fig. 1) .
Human Chondrocytes Isolated from Older Adults Are More Susceptible to PRX Hyperoxidation-The ability of ROS to promote hyperoxidation of PRXs was assessed by treating cells with menadione and using an anti-PRXSO 2/3 antibody that specifically detects the hyperoxidized sulfinic (SO 2 ) and sulfonic (SO 3 ) forms of PRX1-4. Using antibodies to specific PRXs, we were able to identify PRX1, 2, and 3 in the same region as the bands recognized by the PRXSO 2/3 antibody ( Fig. 2A) . Chondrocytes from older donors (average age 63 Ϯ 12 years) exhibited increased basal levels of hyperoxidized PRX in unstimulated conditions when compared with younger donors (38 Ϯ 10 years), and the time-dependent increase in PRX hyperoxidation in response to menadione treatment was greater in older chondrocytes when compared with younger chondrocytes (Fig. 2,  B-D) . These findings are consistent with age-associated oxidative stress in chondrocytes, resulting in increased susceptibility to an oxidative challenge.
Because oxidation of PRX leads to formation of an intersubunit disulfide bond between adjacent PRX subunits, disulfidelinked PRX dimers (either with two disulfides, or with one disulfide and one monomer in hyperoxidized state) can be visualized on immunoblots from nonreducing gels, whereas the fully hyperoxidized PRX is unable to dimerize and therefore remains primarily in the monomeric form. In response to menadione treatment, cytosolic PRX2 was observed at two molecular masses (Fig. 2E) . The oxidized form with at least one disulfide was present at ϳ44 kDa, and the monomeric, fully hyperoxidized form was present at ϳ22 kDa. A time-dependent increase in hyperoxidized PRX2 was observed (Fig. 2, E-G) , corroborating our observations using anti-PRXSO 2/3 . Chondrocytes isolated from older donors exhibited greater PRX2 hyperoxidation than cells from younger donors (Fig. 2G) .
Similarly, menadione-induced ROS led to significant hyperoxidation of mitochondrial PRX3, particularly in the cells from older donors (Fig. 2, H-J) . However, in contrast to the findings for PRX2, PRX3 presented with a major dimeric band at ϳ38 kDa along with lower MW bands between 31 and 38 kDa, which likely represent mixed-disulfides containing at least one oxidized PRX3 peroxidatic cysteine (Fig. 2H) . We also cannot exclude the possibility of hyperoxidized PRX3 in the bands between 31 and 38 kDa. As expected, under reducing conditions PRX2 and PRX3 ran as major monomeric bands at 22 and 24 kDa, respectively, consistent with the size of the fully reduced forms, which did not change with age (Fig. 2, E and H) . The finding that chondrocytes from older adults were more susceptible to both PRX2 and PRX3 hyperoxidation induced by menadione further supports an age-related loss of reducing capacity related to basal levels of oxidative stress and not to reductions in the protein levels of PRX2 or PRX3.
Because chondrocytes are routinely serum-starved prior to experimental treatments to analyze cell signaling events, we examined the effects of serum and serum-free conditions on basal PRX oxidation. No significant differences in oxidation or hyperoxidation of PRXs were observed in the presence or absence of serum (Fig. 3, A and B) .
To further examine the redox state of chondrocyte PRXs, we used NEM to alkylate reduced thiols after menadione treatment but just prior to cell lysis to block free thiol groups and prevent further oxidation or unwanted thiol-disulfide exchange that might occur early in cell lysis (33) . Comparative analysis of PRX oxidation in response to menadione using either IAM added to the cell lysis buffer or NEM treatment prior to lysis are presented in Fig. 3 (C-E) . Detection of hyperoxidized PRXs using the PRXSO 2/3 antibody was similar (Fig. 3C) , indicating that the hyperoxidation observed in response to menadione was not due to artifactual oxidation during cell lysis. However, when we analyzed PRX2 and PRX3 oxidation on nonreducing gels, treatment with NEM prior to lysis allowed for improved identification of the reduced monomeric, oxidized dimeric, and hyperoxidized monomeric forms of PRX.
We next examined whether the PRX oxidation induced by menadione could be altered by transducing chondrocytes with an adenoviral vector that expresses catalase targeted to the mitochondria (MCAT). Evaluation of mitochondrial and cytosolic fractions revealed that the MCAT construct was highly expressed in the mitochondria with small amounts of catalase also detected in the cytosol (Fig. 4A) . Using NEM pretreatment to alkylate thiols prior to lysis, expression of MCAT was noted to block the menadione-induced PRX hyperoxidation (Fig. 4, B  and C) . Analysis of PRX2 and PRX3 on nonreducing gels showed the presence of the reduced monomeric form of PRX2 and PRX3 in samples from cells that were not treated with menadione and in cells where oxidation was inhibited by MCAT expression (Fig. 4, D and E) . Menadione treatment oxidized PRX2 and PRX3 within 5 min in chondrocytes expressing null virus, evidenced by the complete disappearance of the reduced monomer and an increase in the oxidized dimeric form of the protein. Oxidized dimers were maintained until 30 min but declined at 60 min when an increase in hyperoxidized monomeric PRX was observed. The identification of the monomeric band that appeared at the later time points as the hyperoxidized PRX (rather than reduced PRX which runs at the same position) is consistent with the bands seen on PRXSO 2/3 immunoblots at this time point and with previous studies that used this technique to examine PRX hyperoxidation on nonreducing gels (33) . Although menadione treatment still led to oxidized dimers of PRX2 and 3 in MCAT expressing chondrocytes, hyperoxidized PRXs in the monomeric form were not detected (Fig. 4, B, D, and E) .
Hyperoxidized PRX Is Observed in Human Cartilage from Older Adults and in Osteoarthritic Cartilage-Having found that PRX hyperoxidation could be observed in cultured chon- drocytes, we determined whether PRX hyperoxidation is present in cartilage in vivo. For this, we evaluated the levels of PRXSO 2/3 in normal human knee joint cartilage sections obtained from young adults (41 Ϯ 6 years) and older adults (73 Ϯ 5 years) and from older adult (79 Ϯ 14 years) OA joints. Low numbers of cells staining for PRXSO 2/3 were seen in young normal cartilage with the few positive cells restricted to the superficial zones (Fig. 5) . Older and OA cartilage had significantly greater numbers of PRXSO 2/3 positive cells that were present throughout the depth of the articular cartilage. A significant increase in PRXSO 2/3 positively stained cells in OA cartilage compared with older cartilage was also observed (Fig.  5) , consistent with elevated levels of ROS in aging and a further increase in OA cartilage.
Oxidative Stress Inhibits Akt Signaling and Promotes p38
Signaling in Chondrocytes-IGF-1 treatment of normal human chondrocytes under basal conditions stimulated phosphorylation of the IGF-1 receptor and the downstream kinase Akt within 5 min, and phosphorylation was maintained over the 90-min time course (Fig. 6, A-C) . IGF-1 treatment did not stimulate p38 phosphorylation, whereas ERK phosphorylation was strong and sustained (Fig. 6, A, D, and E) . In contrast, menadione treatment to induce oxidative stress did not stimulate phosphorylation of the IGF-1 receptor or Akt at any time point, whereas it increased phosphorylation of p38 and ERK (Fig. 6) .
Pretreatment with menadione to induce oxidative stress prior to addition of IGF-1 had no effect on IGF-1 receptor phosphorylation but inhibited IGF-1-stimulated phosphorylation of FIGURE 2. Effect of menadione-induced oxidative stress and age on PRX oxidation in human articular chondrocytes. Confluent human articular chondrocytes cultured in serum-free medium were treated for the indicated times with 25 M menadione to induce oxidative stress. After treatments, cell lysates were prepared in lysis buffer containing 20 mM iodoacetamide to alkylate reduced thiols at lysis. A, human chondrocytes were treated with menadione for 60 min. The sample was loaded onto four lanes of a 12% gel. Each lane was separated by molecular weight marker, and the gel was run under reducing conditions. After protein transfer to membranes, individual lanes were cut out and probed with antibodies to PRXSO 2/3 , PRX1, PRX2, or PRX3 to confirm the band location of each protein. Comparative analysis confirmed the locations of PRX1-3. B, hyperoxidized PRXs from older and younger chondrocytes were detected using an antibody that reacts with PRX 1-4 when it is in the PRX-SO 2/3 state. Specific PRXs are labeled. C, densitometric analysis from immunoblots of n ϭ 6 donors, independent of age. The data are normalized to time 0 untreated controls. D, quantification of PRXSO 2/3 , normalized to untreated controls from young donors, comparing chondrocytes from older (n ϭ 3; average age, 63 Ϯ 12 years; range, 50 -75 years) and younger (n ϭ 3; average age, 38 Ϯ 10 years; range, 27-48 years) donors. E, immunoblots probed for PRX2 under nonreducing conditions (top panel) showing oxidized dimers (labeled D on blots) and hyperoxidized monomers (labeled M on blots). Immunoblotting for PRX2 under reducing conditions was used as a loading control (lower panel). F, densitometric analysis of PRX2 hyperoxidized monomer from n ϭ 6 independent donors, independent of age. G, quantification of the PRX2 monomer:dimer ratio from the same donors as in D. H, immunoblots probed for PRX3 under nonreducing conditions (top panel). Hyperoxidized monomer is labeled M on blots, mixed dimers are labeled MD on blots, and oxidized dimer is labeled D on blots. Immunoblotting for PRX3 under reducing conditions was used as a loading control (lower panel). I, densitometric analysis of PRX3 hyperoxidized monomer from n ϭ 6 independent donors, independent of age. J, quantification of the PRX3 monomer:mixed disulfide ratio from same donors as in D. The data are presented as means Ϯ S.E. Asterisks represent significant differences between younger and older chondrocytes. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.0001) (ANOVA). yrs, years.
Akt (Fig. 6, A-C) . Phosphorylation of proline-rich Akt substrate (PRAS40), a direct substrate of Akt (39) , was analyzed as a marker of Akt kinase activity and was significantly increased with IGF-1 treatment and inhibited by menadione pretreatment (Fig. 6F) . Addition of IGF-1 to cells pretreated with menadione did not alter p38 or ERK phosphorylation when compared with menadione alone. Phosphorylation of JNK was not observed under any treatment tested (data not shown). These data demonstrate that under conditions resulting in chondrocyte PRX hyperoxidation, IGF-1-mediated Akt phosphorylation is attenuated, whereas p38 phosphorylation is increased consistent with the concept of oxidative stress disrupting normal physiologic signaling.
Expression of Mitochondrially Targeted Catalase Promotes Akt Phosphorylation and Attenuates Phosphorylation of Proapoptotic Signaling Proteins under Conditions of Oxidative
Stress-We next assessed the ability of MCAT expression to modulate phosphorylation events in chondrocytes under oxidative stress. Expression of MCAT using adenoviral transduction led to a significant increase in basal phosphorylation of AKT at both Ser 473 and Thr 308 when compared with null empty vector control and no virus conditions (Fig. 7, A-C) . Importantly, MCAT expression blocked the ability of menadione to inhibit Akt phosphorylation. Phosphorylation of Akt represents a key prosurvival pathway in chondrocytes, in part because of direct phosphorylation and inhibition of the pro-apoptotic protein BAD at Ser 136 (40, 41) . MCAT expression significantly increased BAD Ser 136 phosphorylation compared with null vector and no virus conditions, and the values mirrored the trend observed for Akt phosphorylation (Fig. 7, A and D) .
Phosphorylation of ERK increased in a time-dependent manner in response to menadione treatment, but differences between MCAT expression, null empty vector, and no virus controls were not observed (Fig. 7, A and E) . In contrast, MCAT expression significantly reduced menadione-stimulated phosphorylation of p38 and the p38 specific upstream kinase, MKK3/6 (Fig. 7, A, F, and G) .
Activation of p38 MAP kinase signaling (42) , as well as loss of BAD inhibition when Ser 136 is not phosphorylated (40, 41) , have been implicated in cell death. As such, we aimed to determine the effects of menadione-induced oxidative stress on chondrocyte cell viability. Cell viability was reduced in a timedependent manner to 27.9 Ϯ 3.7% of control values after 9 h of menadione treatment (Fig. 7H) . Pretreatment with the p38 specific inhibitor SB203580 or expression of MCAT abolished menadione-induced cell death (Fig. 7H) . 
Menadione-induced PRX Hyperoxidation and p38 Phosphorylation Are Attenuated in Cartilage from
Mice Expressing Catalase Targeted to the Mitochondria-To investigate whether expression of mitochondrial catalase can modify cell signaling pathways in tissues, femoral cap cartilage explants were isolated from the hips of transgenic mice that express human catalase targeted to the mitochondria (MCAT mice) and from wild-type littermate controls (Fig. 8A) . Corroborating our adenoviral expression data using isolated human chondrocytes, PRX hyperoxidation was lower in cartilage from MCAT mice compared with wild-type controls after menadione treatment (Fig.  8B) . Menadione inhibition of IGF-1-mediated Akt phosphory-FIGURE 4. Targeted expression of human catalase to the mitochondria attenuates menadione-induced PRX oxidation in human chondrocytes. Confluent human articular chondrocytes were transduced with an adenovirus expressing mitochondrial catalase (MCAT), a null (empty) vector control, or no virus for 48 h prior to overnight incubation in serum-free medium and addition of 25 M menadione for the indicated times to induce oxidative stress. Chondrocyte monolayers were incubated in 100 mM NEM for 10 min to alkylate reduced thiols prior to lysis, and cell lysates were prepared in NEM containing lysis buffer prior to immunoblotting. A, immunoblot of chondrocyte mitochondrial and cytosolic fractions showing expression of human catalase protein expression in unstimulated chondrocytes transduced with MCAT adenovirus, a null empty vector, or no virus. B, chondrocyte cell lysates transduced with MCAT adenovirus, a null empty vector, or no virus and then treated with menadione for the indicated times. Hyperoxidized PRXs were identified using the antibody to PRXSO 2/3 . C, results of densitometric analysis from PRXSO 2/3 immunoblots from n ϭ 3 independent donors. D, under nonreducing conditions, immunoblots for total PRX2 allowed for identification of the PRX2 reduced monomer (labeled RM on blots) and the hyperoxidized monomer (labeled HM on blots). PRX2 presented with an oxidized dimer (labeled D on blots). E, under nonreducing conditions, immunoblots for total PRX3 allowed for identification of the PRX3 reduced monomer (labeled RM on blots) and the hyperoxidized monomer (labeled HM on blots). PRX3 presented with an oxidized dimer (labeled D on blots), as well as a lower mixed disulfide band (labeled MD on blots). Solid lines on blots are used to separate different exposures from the same immunoblot. All immunoblots are representative results of n ϭ 3 donors. The data are means Ϯ S.E. normalized to untreated controls. Asterisks represent significant differences compared with control. *, p Ͻ 0.05; **, p Ͻ 0.01; ****, p Ͻ 0.0001 (ANOVA). FIGURE 5. Hyperoxidized PRX is observed in human cartilage from older adults and in osteoarthritic cartilage. The levels of PRXSO 2/3 in normal younger, normal older, and osteoarthritic human knee cartilage was evaluated by immunohistochemistry using the antibody to PRXSO 2/3. Tissue sections were counterstained with hematoxylin. Human cartilage sections (n ϭ 4 independent samples per group) were macroscopically graded as described under "Experimental Procedures." For these experiments, younger donors were Ͻ50 years old (mean age, 41.3 Ϯ 6.1 years), and older donors were Ն50 years old (mean age, 73.3 Ϯ 4.3 years). The average age of the OA patients was 79.3 Ϯ 13.6 years. Scale bar, 100 M. Representative negative control consists of primary incubation in antibody diluent without addition of anti-PRXSO 2/3 . The data are presented as means Ϯ S.E. of percentage PRXSO 2/3 stained cells for each condition. Asterisks represent significant differences compared with control. *, p Ͻ 0.05; ***, p Ͻ 0.001 (ANOVA).
lation observed in wild-type mouse cartilage was abolished in cartilage from MCAT transgenic mice, demonstrating an enhanced ability of MCAT mice to activate pro-survival signaling proteins despite an oxidative challenge (Fig. 8, C-E) . Furthermore, menadione-induced phosphorylation of p38 (but not ERK) observed in cartilage from wild-type mice was significantly reduced in cartilage from MCAT mice, suggesting that these transgenic mice are less susceptible to oxidative stressinduced pro-catabolic signaling (Fig. 8, C, F, and G) .
MCAT Mice Develop Less Severe Age-related OA-Previous studies have demonstrated increased longevity and a reduction in age-related pathology in mice expressing catalase targeted to the mitochondria, in part because of decreased H 2 O 2 production, attenuation of oxidative stress-induced damage, and maintenance of mitochondrial homeostasis (43, 44) . To investigate whether MCAT mice are protected from age-associated OA, we assessed knee joints that had been previously collected from 18 -33-month-old male MCAT and wild-type mice. Although not completely protected from age-related OA, MCAT mice were found to have less severe cartilage destruction compared with age-matched wild-type controls (Fig. 9) , supporting a role for oxidative stress in age-related OA.
Discussion
Age-related oxidative stress has been proposed to contribute to the aging phenotype through the disruption of physiologic cell signaling pathways (3-5). The present findings in primary human chondrocytes isolated from younger and older adult tissue donors support this hypothesis and implicate excessive oxidation of the PRXs as a potential mechanism by which oxidative stress disrupts signaling. PRX hyperoxidation, which inhibits peroxidase function and leads to increased levels of intracellular ROS, was significantly higher in chondrocytes isolated from older adults. In addition, the older adult cells demonstrated greater PRX hyperoxidation when challenged with menadione to induce oxidative stress, indicative of a lower level of anti-oxidant capacity compared with chondrocytes from younger adults. PRX hyperoxidation was associated with inhibition of pro-survival IGF-1-Akt signaling and up-regulation of pro-death signaling pathways. Reduction of ROS levels through targeted expression of mitochondrial catalase prevented PRX hyperoxidation. This was linked to increased Akt sensitivity and partial inhibition of the MKK-3/6-p38 pathway, which was associated with cell survival, as well as with a reduction in the severity of OA in aged mice.
Aging is a primary risk factor for OA, which is the most common cause of chronic disability in older adults and correlates with age-related redox imbalance and mitochondrial dysfunction (20 -24) . Although there are many potential mechanisms by which aging contributes to the development of OA, a common finding is an imbalance in anabolic and catabolic activity in the affected cartilage that promotes matrix destruction and is accompanied by increased chondrocyte death (45) . IGF-1 is an important regulator of cartilage matrix synthesis and chondrocyte survival through the activity of PI-3 kinase-Akt pathway, and therefore disrupted IGF-1 signaling, as the result of oxidative stress and PRX hyperoxidation, would be expected to promote the development of OA.
Although various forms of ROS, including superoxide, hydroxyl radical, and reactive nitrogen species, such as peroxynitrite, have been implicated as mediators of oxidative damage, the less reactive H 2 O 2 has emerged as a key mediator of redox signaling (9, 10) . H 2 O 2 regulates specific signaling events through oxidatively modifying reactive cysteine thiols on redox-sensitive proteins (5, 6, 9, 10) . These transient posttranslational modifications include oxidation to form sulfenic acid (Cys-SOH), which can be reduced back to the sulfhydryl state (Cys-SH) by active reductases that include the PRXs. Through reversible oxidation of specific cysteine residues, H 2 O 2 has been shown to exert intracellular signaling capabilities, modifying a wide range of proteins including kinases, phosphatases, and transcription factors (46) . However, despite participating in intracellular redox signaling, excessive production of H 2 O 2 can induce oxidative damage to DNA, lipids, and proteins, and therefore controlled and efficient removal of high levels of H 2 O 2 is required.
The highly abundant typical 2-Cys PRXs were chosen as a focus of this study because they catalyze the specific reduction of H 2 O 2 through a conserved catalytic cysteine residue that serves as a site of H 2 O 2 -dependent oxidation, thereby conferring efficient cellular antioxidant activity through H 2 O 2 detoxification (11) . We used complementary immunoblotting techniques with antibodies to PRXSO 2/3 , as well as evaluation of oxidized PRX2 and PRX3 on nonreducing gels to evaluate PRX oxidation in chondrocytes. In accordance with findings from Cox et al. (33) , we found that addition of NEM to cultured cells just prior to lysis prevented the formation of oxidized dimers of PRX2 and PRX3 in untreated control cells that was seen when IAM was used to alkylate thiols during lysis. However, menadione treatment was found to increase the levels of hyperoxidized PRX2 and PRX3 detected with either method indicating that ROS generated by menadione rather than cell lysis was responsible for PRX hyperoxidation.
Recent evidence shows that PRXs participate in direct regulation of intracellular signal transduction pathways (13, 47) . The catalytic activity of some eukaryotic PRXs is highly sensitive to reversible inhibition by H 2 O 2 -mediated hyperoxidation, and oxidative inactivation of PRXs is considered as a key transient mechanism to allow local H 2 O 2 levels to accumulate and initiate redox-signaling events (11) . Additionally, PRXs can directly regulate H 2 O 2 signal transduction through thiol-disul- fide exchange, allowing the oxidative signal to be transferred to other redox sensitive proteins with a lower affinity for H 2 O 2 than PRXs (13, 47) .
PRXs have recently been shown to participate in signal transduction pathways that regulate resistance to oxidative stress and lifespan extension through regulation of JNK/FOXO signaling in Drosophila melanogaster (48) . We did not observe an increase in chondrocyte JNK phosphorylation in response to menadione-induced oxidative stress but rather found increased phosphorylation of MMK-3/6 and p38 along with inhibition of IGF-1-mediated Akt activation. This was consistent with previous studies demonstrating that PRX and thioredoxin can act as negative regulators of cell death pathways by direct inhibition of the ASK1-MKK3/6-p38 pathway in mice (49) and cell lines (50) , an effect inhibited by oxidative stress. ROS-induced inhibition of Akt was also found to result in activation of the ASK1-MKK3/6-p38 pathway, which caused cell death in several cell lines (51). Femoral head cartilage explants from the hip joints of 4-week-old MCAT and wild-type mice were isolated and cultured in serum-supplemented medium for 48 h prior to overnight incubation in serum-free medium. Femoral head cartilage explants were treated with menadione (25 M), IGF-1 (50 ng/ml), or combined treatments as indicated. Cell lysates were prepared by homogenization of explants as described under "Experimental Procedures." A, cell lysates were immunoblotted for human catalase and for COX IV as a mitochondrial protein loading control. B, femoral cap cartilage explants from MCAT and wild-type mice were cultured in menadione for 0 -60 min prior to incubation in NEM (100 mM, 10 min) to alkylate reduced thiols prior to lysis. Femoral caps were disrupted and homogenized in lysis buffer containing NEM. Hyperoxidized PRXs were detected by immunoblot using the PRX-SO 2/3 antibody. C, for analysis of signaling, femoral cap cartilage explants were treated with menadione (30 min), IGF-1 (30 min), or pretreated with menadione (30 min) prior to IGF-1 treatment (30 min). Representative blots from n ϭ 3 independent experiments are shown. D-G, results of densitometric analysis showing phosphorylation of Akt, p38, and ERK. Phosphorylation of proteins were normalized to total protein as a loading control and presented as fold change from untreated control. All data are presented as means Ϯ S.E. from n ϭ 3 independent experiments. Asterisks represent significant differences compared with control. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; ****, p Ͻ 0.0001 (ANOVA). FIGURE 9. MCAT mice develop less severe age-related OA. Histological evaluation of knee joints from MCAT and wild-type mice aged 18 -33 months. Sections from age-matched wild-type and MCAT mice are shown. Independent blinded histological assessment of OA severity was conducted on the medial and lateral tibial plateaus using an OA grading scheme (Articular Cartilage Structure score). The data are presented as means Ϯ S.E. of the medial plus lateral tibial plateau Articular Cartilage Structure Scores n ϭ 5 wild-type and n ϭ 6 MCAT mice. The asterisk represents a significant difference between mouse phenotypes. *, p Ͻ 0.05 (ANOVA).
Whether the PI3K-Akt pathway is activated or inhibited by ROS depends on the redox status of the cell. Previous studies have shown that low levels of ROS promote IGF-1-PI-3 kinaseAkt signaling through reversible oxidative inhibition of upstream phosphatases including PTEN (phosphatase and tensin homolog) and PTP1B (protein-tyrosine phosphatase 1B) (52) . This occurs through oxidation at specific cysteine residues in the phosphatase catalytic site resulting in inhibition of phosphatase activity leading to enhancement of IGF signaling. Conversely, recent evidence demonstrates that high levels of mitochondrial superoxide promote PTEN-and PTP1B-mediated dephosphorylation of the IGF-1 receptor, which attenuates IGF signaling (53) . Our data demonstrate that in the presence of high levels of ROS generated by menadione, inhibition of IGF-1-mediated Akt phosphorylation occurs despite no change in IGF-1 receptor phosphorylation. In a previous study (32), we found that oxidative stress conditions in chondrocytes stimulated phosphorylation of IRS-1 on inhibitory serine residues and inhibited phosphorylation of the activating tyrosine residues, which would be one mechanism for the downstream loss of Akt phosphorylation.
In the present study, expression of mitochondrial catalase restored phospho-Akt levels; promoted phosphorylation of the downstream target protein BAD at Ser 136 , which inhibits proapoptotic BAD activity; and reduced MKK3/6-p38 activation. MCAT expression restored cell viability and, alongside the observation that pharmacological inhibition of p38 completely abolished cell death, demonstrates the effect of oxidative stress to alter physiological signaling pathways in human chondrocytes that ultimately regulate cell survival.
The close interplay between H 2 O 2 production and PRX hyperoxidation needs to be tightly regulated to avoid oxidative stress and aberrant redox signaling. Genetic deletion of PRX levels alters redox balance and accelerates aging in yeast, flies, worms, and mice (17) , but the mechanisms by which PRX levels are altered with age in primary cells, and the effects on cell signaling have not been defined. Our studies using primary human chondrocytes isolated from young and older adult tissue donors did not reveal a decline in the overall levels of PRX2 or PRX3 with age. Instead, we found that older chondrocytes displayed an increased level of basal PRX hyperoxidation compared with younger chondrocytes and displayed an increased sensitivity toward hyperoxidation when exposed to oxidative stress. These findings were corroborated by immunohistochemical data, which showed significantly elevated PRXSO 2/3 immunopositivity in cartilage tissue sections from older donors, which indicates a diminished PRX reducing capacity in these aging tissues. The increased susceptibility of PRXs to hyperoxidation in older chondrocytes suggests an age-related loss of reducing capacity. We have not found differences in the levels of proteins involved in PRX reduction (sulfiredoxin, thioredoxin 1, or thioredoxin reductase 2) in young and old chondrocytes (data not shown). However, in previous work we identified an age-related increase in oxidized glutathione, as well as an increase in the ratio of oxidized relative to reduced GSH levels, in human articular chondrocytes, which is implicit with an age-related decrease in reducing capacity (21) . In agreement, the work of others demonstrates increased PRX hyperoxidation in aged mice and yeast, as well as an age-associated decrease in the ability of sulfiredoxin to reduce hyperoxidized PRXs (17) . Increased PRX hyperoxidation in our study was also evident in OA cartilage, supporting the hypothesis that oxidative stressmediated PRX hyperoxidation and subsequent redox imbalance may be a common phenotype in aging tissues and may contribute to age-related disease.
The mitochondrion is an important source of ROS, and production of excessive amounts caused by mitochondrial dysfunction has been implicated in age-related conditions including OA (1, 4, 8) . The conditional deletion of mitochondrial superoxide dismutase in chondrocytes was reported to result in premature age-related OA in mice (54) . These findings and our result of less severe OA in the MCAT mice are consistent with mitochondrial redox imbalance as a mechanism contributing to OA. Expression of catalase targeted to the mitochondria counteracted menadione-induced PRX hyperoxidation, abolished cell death in human chondrocytes, and restored IGF-1-mediated Akt signaling in cultured human cells and cartilage explants from MCAT mice. These findings, combined with the observation that the mitochondrial PRX isoform, PRX3, was hyperoxidized more rapidly than the cytosolic isoform PRX2, suggests that the mitochondria were an important source of ROS in our oxidative stress experiments.
However, we also observed oxidation of the cytosolic PRX2 and altered phosphorylation of proteins in signaling pathways that are predominantly cytosolic, indicating that cytosolic oxidative stress was also induced by menadione. Indeed, menadione has been shown to increase levels of ROS in multiple subcellular compartments (30) , deplete reduced glutathione (55, 56) , decrease NADPH levels (57) , and inhibit metabolic enzyme activity (58) , all of which may alter downstream signaling events. It is also important to note that MCAT expression did not completely inhibit menadione-induced PRX oxidation but primarily hyperoxidation. This could have been due to effects of menadione that were separate from H 2 O 2 generation or to the rapid kinetics by which H 2 O 2 reacts with PRXs. Because we noted a rapid increase in levels of H 2 O 2 in cells treated with menadione, it is unlikely that MCAT overexpression would be sufficient to outcompete PRXs for all of the H 2 O 2 generated.
Collectively, this study implicates oxidative stress and associated PRX hyperoxidation as a key mechanism contributing to an age-associated disruption in signal transduction that can result in chondrocyte death and promote the development of OA. Further work is needed to determine whether PRX hyperoxidation plays a causal role in this process and to define the mechanisms responsible. Given the critical role of PRXs in controlling the level of intracellular H 2 O 2 , inhibition of PRX function by hyperoxidation would be expected to result in excessive levels of H 2 O 2 , resulting in oxidation of signaling proteins normally protected by the PRXs. Targeting mitochondrial overproduction of ROS has been considered as a therapeutic approach for age-related conditions such as cardiovascular disease (59) . The present findings suggest that this approach may be of benefit for OA as well. Alternatively, restoring redox balance and normal physiological signaling through the modulation of PRX oxidation may represent a novel therapeutic
